Neglected and underutilized fruit species (NUFS) can make an important contribution to the economy, food security and nutrition requirement for Sri Lanka. Identifying suitable areas for cultivation of NUFS is of paramount importance to deal with impending climate change issues. Nevertheless, limited studies have been carried out to assess the impact of climate change on the potential distribution of NUFS. Therefore, we examined the potential range changes of NUFS in a tropical climate using a case study from Sri Lanka. We prioritized and modeled the potentially suitable areas for four NUFS, namely Aegle marmelos, Annona muricata, Limonia acidissima and Tamarindus indica under current and projected climates (RCP 4.5 and RCP 8.5) for 2050 and 2070 using the maximum entropy (Maxent) species distribution modeling (SDM) approach. Potentially suitable areas for NUFS are predicted to decrease in the future under both scenarios. Out of the four NUFS, T. indica appears to be at the highest risk due to reduction in potential areas that are suitable for its growth under both emissions scenarios. The predicted suitable area reductions of this species for 2050 and 2070 are estimated as >75% compared to the current climate. A region of potentially higher climatic suitability was found around mid-county for multiple NUFS, which is also predicted to decrease under projected climate change. Further, the study identified high-potential agro-ecological regions (AERs) located in the mid-country's wet and intermediate zones as the most suitable areas for promoting the cultivation of NUFS. The findings show the potential for incorporating predictive modeling into the management of NUFS under projected climate change. This study highlights the requirements of climate change adaptation strategies and focused research that can increase the resilience of NUFS to future changes in climate.
Introduction
Sri Lanka is predominantly an agrarian-based country with world-renowned unique agricultural diversity [1] . Though the climate is generally tropical, differences can be observed across the country due to changes in rainfall and elevation [2] . Sri Lanka is divided into three distinct climatic zones primarily based on the annual rainfall: a wet zone (2500-5000 mm), a dry zone (1250-1900 mm) and an intermediate zone (1900-2500 mm) [3] . The island has been defined into 46 unique agro-ecological regions (AERs) ( Figure S1 ) based on features such as rainfall, elevation, soil type, landform, land use and relief [4] . Sri Lanka is enriched with high biodiversity despite its small size of 65,610 km 2 [2] . the dry zone may increase vulnerability of low country dry zone ecosystems. Such adverse changes can reduce agricultural productivity and leave farming households struggling for their livelihoods. Further, climate changes in the future may potentially impact pollinator species, which could have an additional constraint on potential area suitability of NUFS, as wild plants are greatly dependent on pollinators for fruit production [37] .
In Sri Lanka, priority setting has not been carried out systematically to improve conservation and sustainable use of NUFS [3] . More specifically, the environmental factors that influence or limit distribution of these species have not been investigated. Understanding the current and potential distribution of NUFS is essential to meeting the future challenges of global food security [10] . However, there has been no comprehensive study undertaken with the purview of examining the potential distribution of these NUFS under climate change. We modeled the distribution of four NUFS in Sri Lanka under current and future (RCP 4.5 and RCP 8.5) climates for 2050 and 2070. The objectives of this study were to (i) prioritize NUFS in Sri Lanka to be considered into national food and nutrition security programs; (ii) model potential distribution of four priority NUFS and calculate range changes under projected climate change and (iii) define areas that potentially support multiple NUFS in the current climate and in scenarios of global warming. Our study is significant as it is the first study of this kind in Sri Lanka to use species distribution modeling (SDM) concepts to identify the potential distribution of NUFS under projected climate change. This information can be used for identifying future climate-suitable areas for promoting the cultivation of NUFS.
Materials and Methods

Priority Neglected and Underutilized Fruit Species (NUFS) Selection
Williams and Haq [38] developed a set of criteria consisting of statements for selecting priority crops from a particular geographical region. In an expert consultation meeting held on 20 December 2017 at the Plant Genetic Resources Centre, 40 experts from relevant agencies (Government Departments and research stations, academia, non-governmental organizations and leaders of community-based organizations) discussed and reviewed the above criteria. These criteria were modified and developed from 26 statements as per the study purpose and country context ( Table 1) . To calculate the Fruit Selection Index (FSI), we used the following formula adapted from Jayasinghe-Mudalige and Henson [39] . FSI = s a = 1 a is . Us/aU (1) U is a set of statements (U = U 1 , U 2 , ..., U s ) that explains different factors to be considered for prioritizing NUFS in this study. The group of experts (i) provided an integer score (a) for each statement (e.g., a i1 , a i2 , . . . , a is on U 1 , U 2 , . . . , U s , respectively). Each statement was marked as "YES" or "NO" for each NUFS by considering the availability of factors in each given statement. If the statement was marked as "YES", a score was given based on degree of importance: high (H) = 3, moderate (M) = 2 and low (L) = 1. The maximum score that could be obtained by any statement for any NUFS was 3. This score was multiplied by the number of statements given in a category to get the maximum potential score (aU). Sum of the scores provided by statements in a category was divided by the maximum potential score of that category to obtain the index value for this category. The total of seven index values was divided by the number of categories (seven) to get the FSI (Table S1 ). The prioritized four NUFS were considered for further analysis through SDM. 
Species Occurrence Data
For this study, 781 occurrence records of four prioritized NUFS were extracted from a database developed as a result of field exploration and stakeholder consultation surveys conducted in four major donor-funded projects implemented by the Department of Agriculture and the Ministry of Environment, Sri Lanka during 2003-2018 (see Table S2 for details). During field and stakeholder surveys of these projects, geo-referenced NUFS occurrence data had been recorded from various sources, research and development institutes of the Department of Agriculture, national herbarium, experts and community consultations. Figure 1 shows the distribution of occurrences of four NUFS that were used for the study.
Spatial sampling bias is an issue in predictive modeling that causes spatial autocorrelation, resulting in poor model performance [40] . In order to reduce the effects of spatial sampling bias, occurrences were filtered in ArcMap using one of the predictor variables, enabling each grid cell to have only one occurrence record in the geographic areas where the study species are distributed (Table  S3 ). To address the effect of sampling bias in species and background data, we used bias files by constraining the background data to have the same bias as the occurrence data [41] . In this case, we limited background point selections to the districts where NUFS occurrence data were distributed. This provided Maxent a background file with a similar bias to the sample data in order to fine tune the Maxent models [42] . 
Environmental Variables
We downloaded 19 bioclimatic variables with a spatial resolution of 30 arc-seconds (~1 km 2 ) from the Worldclim website for current (representative of 1960-1990) and future climates (http://www.worldclim.org/) [43] . We used the MIROC5 atmosphere-ocean general circulation model (GCM) to make future projections under medium emissions (RCP 4.5) and high emissions (RCP 8.5) scenarios for 2050 and 2070. MIROC5 has been tested by previous empirical studies for its efficiency of climate change simulations, particularly for South Asia [44] [45] [46] [47] , and, furthermore, broadly used in recent SDM studies in that region [48] [49] [50] [51] . Multicollinearity testing was conducted to remove highly correlated variables. We used the "removeCollinearity" function of the Package "virtualspecies" (version 1.4-4) in R to remove correlated variables [52] . This method of variable 
We downloaded 19 bioclimatic variables with a spatial resolution of 30 arc-seconds (~1 km 2 ) from the Worldclim website for current (representative of 1960-1990) and future climates (http: //www.worldclim.org/) [43] . We used the MIROC5 atmosphere-ocean general circulation model (GCM) to make future projections under medium emissions (RCP 4.5) and high emissions (RCP 8.5) scenarios for 2050 and 2070. MIROC5 has been tested by previous empirical studies for its efficiency of climate change simulations, particularly for South Asia [44] [45] [46] [47] , and, furthermore, broadly used in recent SDM studies in that region [48] [49] [50] [51] . Multicollinearity testing was conducted to remove highly correlated variables. We used the "removeCollinearity" function of the Package "virtualspecies" (version 1. in R to remove correlated variables [52] . This method of variable selection has recently been used in SDM literature [48] . The analysis resulted in seven groups of intercorrelated variables at Pearson's correlation coefficients (r) ≥ 0.7 ( Figure S2 ). While selecting variables from groups of intercorrelated variables, we were careful to pick ecologically meaningful predictors that reasonably respond to climate change and species distribution. The selected bioclimatic variables contained tolerance limits of temperature and precipitation that impose constraints on their distribution. Thus, seven nonredundant bioclimatic variables with relevance to NUFS distribution were chosen for their potential significance based on our knowledge and published literature [53] [54] [55] . The variables selected included mean diurnal range (BIO2), maximum temperature of the warmest month (BIO5), minimum temperature of the coldest month (BIO6), annual precipitation (BIO12), precipitation of driest month (BIO14), precipitation seasonality (BIO15) and precipitation of coldest quarter (BIO19). The importance of the contribution of ecologically meaningful non-climatic variables has been frequently discussed in predictive modeling literature [56, 57] . We enriched the chosen bioclimatic data with selected ecophysiologically meaningful non-climatic variables: elevation (dem), aspect (direction of slope), soil and land cover. Ecophysiologically significant non-climatic variables increase the predictive power of species distribution models of plants; thus, failure to include these potentially important variables in models can result in inaccurate predictions restraining predictive capacity [58] . These variables are key determinants of plant distribution, and the importance of soil variables has been particularly identified for distribution of fruit species [59] . We downloaded global land cover data at a 300-m spatial resolution from the European Space Agency GlobCover Portal (http://due.esrin.esa.int/page_globcover.php). We received elevation, aspect and soil data used by Kadupitiya, et al. [60] . We resampled those high-resolution raster layers and changed the resolution same as with bioclim layers (~1 km 2 ) by providing the same parameters using ArcGIS toolbox. Therefore, we had 11 identical variables altogether of the same resolution, projection and extent for modeling the four priority NUFS in Sri Lanka.
Maxent Modeling
Maximum Entropy Species Distribution Modeling (Maxent) software version 3.4.1 was employed for the study [61] . Maxent is based on the maximum entropy principle-in other words, the most spread out or closest to uniform distributions [62] . We selected the Maxent modeling technique for several reasons: (i) Maxent is relatively more robust and frequently outperforms many other well-established presence-only modeling algorithms [63] [64] [65] [66] [67] ; (ii) Maxent is less influenced by spatial errors in sample data and performs well with geographically biased occurrence data [68, 69] ; and (iii) Maxent generates a continuous model output of relative probability of presence, allowing fine distinctions in binary predictions [62] [63] [64] . Further, Maxent is widely used in SDM literature for various applications, particularly to identify potential areas of suitability [66] . We selected "do jackknife to measure variable importance", "create response curves", "make pictures of predictions" and "write background prediction". Logistic output was selected for easy interpretation of the outcome [70, 71] . In the logistic output, the relative probability of presence is illustrated by a linear scale of values from 0 to 1, where 0.5 represents typical presence localities (see Phillips [72] for details). We selected cross-validation with 10 replicates, where occurrences are divided into 10 equal-size parts and all occurrences are used for model validation to efficiently generate a more accurate result [67, 72] . Auto features were used as recommended (>80 training samples) except in the A. muricata model, where we used linear, quadratic and hinge features due to limited training samples [73] . We increased the number of iterations to 1000, enabling the algorithm to get close to convergence for smooth prediction [62] while the other parameters were kept at default. Default values are set in Maxent based on performance across a wide range of taxa to receive an optimum model output and hence recommended to use when several models are run simultaneously [71] . Models were run individually for four prioritized NUFS with the selected subsets of variables under current and future climate changes.
Model Performance
In SDM literature, model robustness is frequently verified using discrimination metrics such as the threshold independent area under the receiver operating characteristic curve (AUC) criterion and the threshold dependent true skill statistic (TSS) [62, 74] . Therefore, the accuracy of prediction of selected NUFS was primarily assessed by the AUC and TSS. However, both these measures have criticisms due to their dependency on prevalence [52, 74] . Therefore, relative satisfactory performance in both measures was considered while selecting models. The AUC ranged from 0 to 1 while the TSS ranged from −1 to +1. Upper levels of both measures signify the perfect prediction of presences and absences [41, 74] . In general, an AUC value of <0.7 indicates poor performance; a value of 0.7-0.9 indicates moderate performance; and a value > 0.9 indicates high performance [75, 76] . Similarly, TSS values that are <0.4 are considered poor, 0.4-0.8 moderate and >0.8 very good [77] . Additionally, we tested the relative performance of models using two alternative metrics: sensitivity and specificity.
Potential Area of Prediction
The Maxent generated model output, which is an average output of the replicated runs [72] , was imported into ArcMap (ArcGIS version 10.4.1) for suitability analysis. Maximizing the sum of the sensitivity and specificity logistic threshold was used to discriminate presences and absences, as this approach is suggested for models that use presence-only and background data (i.e., Maxent) [78] . The suitable area distribution was visualized for each NUFS under current climates and under two emissions scenarios for 2050 and 2070. The "reclassify" tool of ArcGIS was used to visualize binary presence-absence maps showing areas above the threshold as suitable and areas below the threshold as not suitable for potential spread of species. In each case, the potentially suitable area of spread was calculated in km 2 using the ArcMap tool field calculator.
A combined raster was generated by merging four classified layers using the spatial analyst toolbox of ArcMap. We received five climatic suitability classes as very low (0 NUFS), low (1 NUFS), moderate (2 NUFS), high (3 NUFS) and very high (4 NUFS). The very high class represented the highest number of NUFS that overlapped in a given place, whereas the very low category represented the areas not suitable for any of the given NUFS. The suitability maps were developed for future climatic scenarios as well. The classes used for classifying the combined raster were uniform among all maps. Thus, five combined maps of climatic suitability were developed under current and future climatic scenarios.
Results
The value of the FSI ranged from 0-1, indicating that the NUFS with the highest value was the best fruit to be selected. Table 2 Evaluation of the performance of NUFS models was found to be acceptable for L. acidissima, A. marmelos, A. muricata, and T. indica to analyze the impact of climate change on potential distribution (Table S2 ). The performance of the P. emblica model was found to be not satisfactory and thus eliminated. Figure 2 shows the relative percentage contributions of the three highest contributing environmental variables to the Maxent models for four NUFS. The figure presented is a result of current climate modeling. However, under future climates, the same variables a show similar performance. Therefore, these are the major environmental variables that influence climatic suitability for the fruit species under present and future climates. Among the variables, soil contributed the most to the A. muricata and L. acidissima models, whereas precipitation of driest month (BIO14) and minimum temperature of the coldest month (BIO6) contributed the highest to A. marmelos and T. indica models, respectively. Overall, soil appeared to be an influencing environmental variable to the distribution pattern of all four species. The relative contribution of aspect variables to the model prediction was negligible. Jackknife testing also confirmed soil as the leading variable in predicting the potential distribution of A. muricata and L. acidissima. Precipitation seasonality (BIO15) and mean diurnal temperature range (BIO2) were the most contributing variables in A. marmelos and T. indica models, respectively. The aspect contribution was negligible in all four models ( Figure S3 ). Figure 3 shows the projected potential distribution maps for the four NUFS species under current climate and climate change scenarios. We visualized the potential areas of suitability for each NUFS above the selected threshold of maximum training sensitivity plus the specificity logistic threshold ( Figure S4 ). Accordingly, the wet and intermediate climatic zones of Sri Lanka were predicted as highly suitable for A. marmelos distribution. The potentially suitable area of A. marmelos under the current climate was 10,621 km 2 (Figure 4 , Table S4 ) and the majority of this potentially suitable areas was located around Kandy, Kegalle, Colombo, Gampaha, Kalutara and Kurunegala districts (see Figure S5 for a district map). The potential area of the suitability of this NUFS is predicted to decrease in the future, particularly around the Kurunegala district. Under the current climate, the potentially suitable area for A. muricata was estimated to be 7579 km 2 , involving mainly the central parts of Sri Lanka representing the Kandy, Kurunegala, Matale and Kegalle districts as well as parts of the Matara and Ratnapura districts. Under the medium-emissions scenario, this suitable area is predicted to contract by 2050 and increase again by 2070. Under the high-emissions scenario, the potentially suitable area of this NUFS is predicted to decrease (63%) continuously until 2070. The potentially suitable area around the Kandy district is predicted to be relatively stable under climate change. In the current climate, the L. acidissima model predicted a potentially suitable area of 13,135 km 2 mainly around the Anuradhapura, Kurunegala, Polonnaruwa and Vavunia districts. This potential area of suitability is predicted to increase by 2050 under the medium-emissions scenario; however, it is predicted to decrease again by 2070. Under the high-emissions scenario, the potentially suitable area of L. acidissima is predicted to contract prominently (72%) by 2070, limiting this NUFS only to the Kurunegala district and a few adjacent areas. T. indica had the lowest potentially suitable area of 5173 km 2 under the current climate, including predominantly Anuradhapura, Matale, and Badulla districts and some scattered areas adjacent to these districts. According to the projected maps of suitability, climate change is predicted to influence the potential distribution of this species in the future, resulting in dramatic area contraction. Under the medium-emissions scenario, the predicted suitable area reductions of T. indica for 2050 and 2070 were estimated as 78% and 94% compared to the current climate, whereas under the high-emissions scenario these figures were 82% and 89%, respectively. By 2070, the potential suitability of this NUFS is predicted to be mostly restricted to around the Kandy district and surrounding areas under both emissions scenarios. Overall, all four Figure 3 shows the projected potential distribution maps for the four NUFS species under current climate and climate change scenarios. We visualized the potential areas of suitability for each NUFS above the selected threshold of maximum training sensitivity plus the specificity logistic threshold ( Figure S4 ). Accordingly, the wet and intermediate climatic zones of Sri Lanka were predicted as highly suitable for A. marmelos distribution. The potentially suitable area of A. marmelos under the current climate was 10,621 km 2 (Figure 4 , Table S4 ) and the majority of this potentially suitable areas was located around Kandy, Kegalle, Colombo, Gampaha, Kalutara and Kurunegala districts (see Figure S5 for a district map). The potential area of the suitability of this NUFS is predicted to decrease in the future, particularly around the Kurunegala district. Under the current climate, the potentially suitable area for A. muricata was estimated to be 7579 km 2 , involving mainly the central parts of Sri Lanka representing the Kandy, Kurunegala, Matale and Kegalle districts as well as parts of the Matara and Ratnapura districts. Under the medium-emissions scenario, this suitable area is predicted to contract by 2050 and increase again by 2070. Under the high-emissions scenario, the potentially suitable area of this NUFS is predicted to decrease (63%) continuously until 2070. The potentially suitable area around the Kandy district is predicted to be relatively stable under climate change. In the current climate, the L. acidissima model predicted a potentially suitable area of 13,135 km 2 mainly around the Anuradhapura, Kurunegala, Polonnaruwa and Vavunia districts. This potential area of suitability is predicted to increase by 2050 under the medium-emissions scenario; however, it is predicted to decrease again by 2070. Under the high-emissions scenario, the potentially suitable area of L. acidissima is predicted to contract prominently (72%) by 2070, limiting this NUFS only to the Kurunegala district and a few adjacent areas. T. indica had the lowest potentially suitable area of 5173 km 2 under the current climate, including predominantly Anuradhapura, Matale, and Badulla districts and some scattered areas adjacent to these districts. According to the projected maps of suitability, climate change is predicted to influence the potential distribution of this species in the future, resulting in dramatic area contraction. Under the medium-emissions scenario, the predicted suitable area reductions of T. indica for 2050 and 2070 were estimated as 78% and 94% compared to the current climate, whereas under the high-emissions scenario these figures were 82% and 89%, respectively. By 2070, the potential suitability of this NUFS is predicted to be mostly restricted to around the Kandy district and surrounding areas under both emissions scenarios. Overall, all four NUFS are predicted to decrease in the potential area of suitability under medium-and high-emissions scenarios in the future. NUFS are predicted to decrease in the potential area of suitability under medium-and high-emissions scenarios in the future. 
Discussion
Using a case study from Sri Lanka, we showed that the climatic suitability of NUFS will decrease in the future in tropical countries as a result of climate change. This may have implications on global food security, human nutrition and livelihood. The study provides important information about the habitat requirements of these NUFS for future prospecting. Both analysis of variable contribution and Jackknife testing of Maxent revealed that soil is an important environmental variable for determining the potential distribution of all four evaluated NUFS. We used soil as one of the variables to determine the likely areas that these NUFS can spread, but soil is not a factor that is impacted by 
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A. muricata grows up to 1000 m elevation in areas with warm humid climates, with an average temperature of 18 • C and a rainfall greater than 1500 mm [23, 79] . The potentially suitable areas of A. muricata lie mainly in the central parts of Sri Lanka (in and around the Kandy district) as the prevailing climatic conditions in this area are ideal for its growth. Furthermore, the soil types prevailing around the Kandy district (i.e., reddish brown latosolic soils, red-yellow podsolic soils and immature brown loams) can be suitable for A. muricata cultivation. L. acidissima is reported to grow from coastal areas to an elevation of about 450 m in a range of soil conditions where the mean annual temperature is 30 • C and mean annual rainfall is in the range 1250-1900 mm [14] . The model predicted a potentially suitable area for L. acidissima in the low country dry zone, which receives similar climatic conditions. L. acidissima is adapted to tolerate drought conditions, and thus is appropriate for the drier areas similar to conditions prevailing in the dry zone of Sri Lanka. This plant can grow well in reddish-brown earths and red-yellow podsolic soils prevailing in the dry zone. In Sri Lanka, A. marmelos is widely distributed in dry, intermediate and wet zones [14] . It grows well in well-drained soils up to 1200 m in elevation where the mean annual temperature range is from −6 to 48 • C and mean annual rainfall is 570-2000 mm [80] . The model suggests that the potential area lies predominantly around the Kandy, Kegalle, Kurunegala, Gampaha and Kalutara districts in the current climate. Under future scenarios, the species is predicted to move southward and be confined to the wet zone areas, suggesting that the species will no longer tolerate the projected increased temperature. T. indica is a light-demanding tree that grows well in dry climates and needs an evenly distributed mean annual rainfall of 500-1500 mm as well as a maximum annual temperature ranging from 33 to 37 • C with a minimum of 9.5 to 20 • C [22] . The plant grows in a wide range of soils [14] . In the current climate, T. indica is predicted to be distributed around north-central and central parts of Sri Lanka. However, the potential distribution is predicted to contract, move inward and be restricted around central areas of the country in the future. The projected high-temperature increases in the dry and intermediate zones may potentially limit the distribution of this plant in those areas. Such information is useful for developing measures for conservation and sustainable utilization of NUFS in order to enhance their support to global food crises.
Our results imply that potentially suitable areas of all four NUFS are predicted to decrease by more than 40% by 2070 compared to the current climate under a high-emissions scenario (Figure 4) . Out of the four NUFS, T. indica is predicted to be at the highest risk of suitable area reduction in terms of percentage area loss compared to the current climate, suggesting the requirement of immediate management concerns. Moreover, potentially suitable areas of all four NUFS are predicted to be confined to the relatively cooler high elevation areas (i.e., central highlands) of the country. Likewise, the projected maps of multiple species establishments show an area of potential NUFS concentration around the mid-country that is projected to decrease under climate change. NUFS are ecologically responsive to climate and thus their potential distribution is limited by their capacity to tolerate climatic changes [14] . Our findings show that NUFS grown in the low country's dry and intermediate zones are predicted to be at a relatively higher risk. The trend analysis conducted in Sri Lanka using long-term climate data has revealed a decreasing trend of the diurnal temperature range (i.e., the minimum temperature of the country is increasing faster than the maximum temperature) and the annual rainfall of the country, prominently in the dry zone [35] . Therefore, such projected temperature and rainfall changes mediates extreme climate conditions and can result in serious impacts on the potential distribution of NUFS, shifting and limiting their suitability to higher altitudes. Spatial distribution of NUFS has a direct relationship with the agro-ecology of the country [10] . The number of potentially suitable AERs for these four NUFS under current climates is predicted to reduce in the future, and is even more prominent under the high-emissions scenario by 2070 (Table S5 ). This implies that the capacity of these NUFS to spread in a heterogeneous agro-ecological environment will be reduced in future. This study found that AERs located in the wet zone mid-country and intermediate zone mid-country are the most suitable areas for growing NUFS with the adverse impacts of future climate change. Therefore, other important factors that may affect the cultivation of these species can be explored with major emphasis on these potential areas. However, climate change can result in changes in species ecology [81] ; therefore, the boundaries of existing AERs have to be redefined according to future climate changes. Accordingly, suitable areas in re-defined AERs will have to be computed and those changes should be considered in future applications.
NUFS have become popular and high in demand in Sri Lanka due to the increased popularity of their medicinal properties. Generally, these plants are not commonly cultivated in Sri Lanka and are mainly harvested from home gardens and the wild. The production of these NUFS in Sri Lanka has been in decline due to the fragmentation of habitats for development projects and the impacts of climate change. Per-capita consumption of fruits in Sri Lanka is still well below the recommended level of the daily average of 40 g [6] . Micronutrient deficiencies have also become a growing health problem [82] . Under these circumstances, NUFS can be a very good substitute for combating "hidden hunger" and the most cost-effective means of alleviating vitamins, minerals and other micronutrient deficiencies. NUFS are generally seasonal fruits and the production and quality of NUFS is directly affected by changing climatic conditions. Therefore, identification of climatically suitable areas is important to promote the cultivation of NUFS. This is important to assure a smooth and continuous supply of NUFS to the market as demand increases.
Modeling studies have shown that the potential area of suitability for NUFS will decrease in the future, especially in developing countries [83] . Our results corroborate these findings and reaffirm that climate change will result in substantial losses to the future survival of NUFS, food security and well-being. Meanwhile, agro-climatologists propose introducing NUFS as an alternative to staple crops considering their resilience and natural adaptation to adverse climatic conditions [84] . Modeling studies are intended to provide critical spatial and temporal data as well as information that helps scientific decision-making and produces policy and regulatory frameworks and smart-solutions to promote commercial cultivation and the sustainable utilization of NUFS across the country. However, limited studies have been undertaken globally to identify the potential ranges of NUFS under climate change [8] . Though there are uncertainties, SDM is widely acknowledged as the best applicable technique for predicting the potential distribution of species [85] . Hitherto, no comprehensive study has been carried out, although there is very good potential to utilize SDM for the strategic management of NUFS in Sri Lanka.
Results of this analysis encourage developing climate change adaptation strategies to reduce the vulnerability of NUFS to climate change and sustain their cultivation in growing areas. We suggest developing species-specific strategies to improve the resilience of NUFS to climate change as species response to climate change can differ [85] . Local scientists and policymakers will have to be vigilant about the future climate change impacts and evaluate the genetic resources in genebanks and in the wild for the introduction of improved climate-resistant NUFS varieties. Policymakers and decision-makers should identify the crucial role that NUFS can play as an important source of global food and nutrition security, and take appropriate actions to promote and cultivate NUFS in climatically suitable areas.
Conclusions
Using Sri Lanka as a case study, we have shown the impacts of projected climate change on NUFS distribution in a tropical climate. The findings of the present study suggest that climate change particularly increases the vulnerability of NUFS and shrinks their potentially suitable areas significantly. Evidently, this can result in serious implications for future food security, human nutrition and well-being. Our results also support the general understanding that tropical species would shift to cooler areas in high altitudes under climate change. T. indica is predicted to be at the greatest risk and thus immediate conservation and management actions are needed. Our findings also indicate that dry and intermediate zones will suffer the highest suitable area losses from projected climate changes. Therefore, we highlight the requirements of climate change mitigation and adaption strategies with a clear focus on the targeted areas, which should be well-communicated among researchers, policymakers and decision-makers. Further, researchers should be encouraged to develop climate-resilient NUFS varieties in order to adapt to adverse climate challenges in vulnerable areas.
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